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ABSTRACT
Ren, Huiying. M.S.Eng, Department of Mechanical and Materials Engineering, Wright State Uni-
versity, 2010.Experimental Studies of Turbulent Boundary Layers Over a Rough Forward-facing
Step and its Coarse Scale Resolution Approximations.
High spatial resolution PIV experiments are performed in thex − y plane at two dif-
ferent spanwise positions to compare the turbulent boundary layers over smooth and rough
forward-facing-steps as well as the rough step’s two coarse scale-resolution approxima-
tions. The Reynolds number based on the step’s mean height,Reh, is 3450 and the ratio
of the boundary layer thickness to the step’s height isδ/h = 8. The roughness topography
on the top surface of the rough step is replicated from a realistic turbine blade and is in-
trinsically three-dimensional and highly irregular. The surface topographies of the coarse
scale-resolution approximations of the rough step are obtained from a multi-resolutional
analysis using discrete wavelet transform (DWT).
Mean flow structures, Reynolds normal and shear stresses, quadrant analysis of in-
stantaneous ejections and sweeps, spanwise vorticity and characteristics of the coherent
spanwise vortices are first compared between flows over the smooth and rough forward-
facing steps. The results illustrate that the rough surface conditions on the top surface of
the forward-facing step tend to weaken the separated flows from the sharp edge. The com-
parison of the results at two different measurement positions indicates that the slope of
the roughness profile immediately after the step’s edge plays an important role in affecting
the flow. This is probably due to the local pressure gradients induced by the roughness
topography. A relatively strong favorable pressure gradient may prevent the generation of
a recirculation region downstream of the step.
The effects of roughness length scales on the forward-facing turbulent flow are explored
by comparing the characteristics of the flow over the rough step and its two approximations,
A6 and A4, which contain about 44% and 88% of the roughness energy, respectively. It
is observed that the coarse-scale roughness only slightly distorts the downstream recircu-
iii
lation region. For the higher resolution step approximation A4, the flow characteristics
are significantly modified at measurement position P2 compared with the case of step A6.
However, A4 still cannot reproduce the flow over the step of full roughness studied herein.
On the other hand, a much smaller difference exists in the flow characteristics between A4
and full surface at position P1 than at P2, suggesting that the high resolution approximation
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Most practical wall-bounded turbulent flows of interest, like flows over turbine blades,
through heat exchangers, and over aircraft and ship hulls, are influenced by surface-roughness
effects. In some applications, surface defects can be small on an absolute scale but can still
be aerodynamically important if they are large relative to the viscous length scale of the
turbulence (at high Reynolds number (Re), for example). In most cases surface roughness
significantly increases the wall shear stress and can augment heat and mass transfer at the
wall, resulting in an increase in the thermal loading of a system. This latter effect can
severely reduce the lifetime of vital parts of many practical engineering systems (like tur-
bine blades). Therefore, a clear understanding of the impact of surface roughness on wall-
bounded turbulent flow is imperative for successful modeling and control of these flows to
improve both the efficiency and lifetime of a variety of practical engineering systems.
Although rough-wall turbulence has received intense research attention for the last
several decades (see review articles ofRaupachet al. (1991) andJimenez(2004)), almost
all of these studies used “simulated roughness” such as sand grain, ordered arrays of ele-
ments and wire mesh, etc. However, studies of Bons and his coworkers (Bon et al.(2001);
Bons(2002)) revealed that the surface topographies on the turbine blades of land-based gas
turbines are distinctively different from those of simulated roughness and that the results
of past studies on the simulated roughness cannot be directly applied to the realistic rough
surfaces to predict the drag and heat transfer coefficient with satisfactory accuracy. Inspired
1
by their work, Christensen and his coworkers (Wu & Christensen(2007, 2010); Johnson &
Christensen(2009); Mejia-Alvarez & Christensen(2010)) have performed several studies
to investigate the impacts of realistic highly-irregular rough surface on the zero-pressure-
gradient turbulent boundary layer and turbulent channel flows. In spite of these recent
efforts, there still exist many research issues concerning the turbulent flows over realistic
rough surfaces. One of the issues is that the effects of the realistic roughness on the sepa-
rated flow at the surface discontinuity such as surface transitions from smooth to rough or
from rough to smooth are not yet known. Smooth forward-facing steps have been used to
model such surface discontinuities for the study of acoustics in turbulent flows (Ji & Wang
(2010)). Another research issue is that, due to the large range of the topographical length
scales of the realistic roughness, it is difficult to generate computational grids for advanced
modeling even for sophisticated grid generating methods (Bonset al. (2008)). Therefore,
the impacts of a roughness with reduced complexity on the turbulent flows need to be un-
derstood so that the strict requirement for grid generation may be relaxed in CFD studies.
The present experimental effort is meant to address some parts of these two research issues.
1.2 Literature review
1.2.1 Forward-facing step flows
Surface discontinuities such as gaps, ribs and panel mismatches exist routinely in many
mechanical vehicles which can be representative as steps. Turbulent flows over smooth
forward-facing steps (FFSs) have been studied in the past to try to understand the separating
and reattaching flow phenomena that is important for many engineering applications such
as turbine blade cooling, heat transfer enhancement for electronic devices, and wind energy.
The separation and recirculation of the turbulent boundary layer caused by the presence of a
FFS have been found to be responsible for the generation of noise and structure vibrations.
Also, the understanding of the unique characteristics of the separated and reattached flows
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Figure 1.1:Schematic of the features of the forward-facing flow.Sherryet al. (2009).
shows significant practical interest in industry.
The features of a turbulent boundary layer over a FFS are shown in figure1.1accord-
ing to the studies ofSherryet al. (2009). The upcoming turbulent flow approaches the step
from left to right.The experimental studies show that the turbulent flow over FFSs, two
recirculation regions exist. One occurs upstream in the lower front corner of the step when
the upcoming turbulent boundary layer encounters the adverse pressure gradient incurred
by the FFS; the other one occurs downstream on the top surface of the step when the flow
is separated by the step’s leading edge. A mixing layer which is generated from the impact
of the flow at upstream to the step which can expand above the recirculation bubble at the
downstream on the top of the step. In the downstream recirculation region on top of the
FFS, the attachment length,Xr, which isXL in Figure1.1, defined as the mean distance
between the step’s leading edge and the reattachment point.
For the upstream recirculation region,Leclercqet al. (2001) pointed that the flow
separates at approximately0.8h upstream to the step and reattaches to the approximately
0.6h above the vertical surface wall. The measurements were obtained by performing the
experiments in a wind tunnel working section for 3 m×0.5 m×0.5 m ( length× width×
Height ), free stream velocity ofU∞ = 50 m/s, Reynolds number based on height was
Reh = 1.7 × 105 and the ratio of boundary layer thickness of the oncoming flow over
step height wasδ/h=0.7. The forward flow accelerated to15% above theU∞, but the
forward flow separation does not generate a significant amount of turbulence. Also, the
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width of the recirculation bubble increases with the boundary layer thickness,δ, of the
oncoming turbulent flow (Moss & Baker(1980)). According to the studies of Bowen
and Lindley (1977), the upstream recirculation region contains nearly stagnant flow which
acts as an “equivalent” slope angle. For the downstream recirculation region, the sharp
corner initiates another separation that extends toXr = 3.2h. Farabee and Casarella (1984)
found thatXr varied between3 ∼ 4h depending on flow configurations which is much
higher than those found in open channel flows which varies between2 ∼ 2.5h found by
Mohsen (1967).Leclercqet al. (2001) found that strong shear occurs at the sharp corner
which causes a significant increase of turbulence whose levels is40% above of free stream,
U∞, are reaching in the shear layer that develops between the recirculation flow and the
outer accelerated flow. Also, the highest turbulent levels are located in the first half of the
separation region which is0 < x/h < 1.5. Sherryet al.(2009) also noted that the enhanced
local mixing caused by the shear layer above the step and the elevated turbulent intensity
within the boundary are the primary mechanisms promoting reattachment.
Laboratory measurements of aerodynamic fields made in separated flows over FFSs
with step height,h = 30, 40, 50 mm were carried out byLargeau & Moriniere(2007) in
s subsonic wind tunnel with open test section 2.35 m× 1 m× 0.65 m (length× width×
Height). The Reynolds number based on step height isReh = 2.88 × 104 with upcoming
free stream velocityU∞ = 15 m/s for step heighth = 30 mm to Reh = 12.82 × 104
with U∞ = 50m/s for step heighth = 50 mm. The aspect ratiol/h ( l is width of the
open test section ) is equal to 15, 11.25, and 9 forh = 30, 40 and50 mm, respectively.
According to the studies of Kiya and Sasaki (1983) and Moss and Baker (1979), the ratio
of l/h should be greater than 10 to obtain a two-dimensional flow in a closed section wind
tunnel, and the ratio of boundary layer thickness over step height isδ/h=0.26, 0.2 and 0.16
for h = 30, 40, 50 mm respectively. They noticed that the separation bubble generated
by turbulent flow at the front of the step, characterized by very slow motionu = 0.1U∞,
is Xr = 1.27h, 1.25h and1.22h for h = 30, 40, 50 mm, respectively. The reattachment
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point on the vertical wall for these three scale models are all0.5h. On the front step, the
flow velocity is accelerated to about= 1.2U∞ when the fluid passes over the front. This
flow separation is responsible for the formation of the recirculation bubble downstream and
for the shear layer which develops on the top. Forh = 40 mm and50 mm downstream
of the front, the recirculation structures develop within the recirculation bubble and are
shed downstream. The length of the recirculation bubble,Xr, is in term of the Reynolds
numberReh, the ratioδ/h and the aspect ratiol/h. They also found the recirculation
bubble decreases when the ratioδ/h increases. Large scale structures in the shear layer and
the low frequency flapping motion at the separation play an important role in the generation
of wall pressure fluctuations rather than the near wall pattern bounded in the recirculation
zone. After leading edge of the step, locally three-dimensional effects were observed.
Studies on flow features over FFS are summarized recently bySherryet al. (2009).
They performed PIV experiment and pressure measurement in two facilities. One is the
FLAIR recirculation water channel with a working speed range of0.09 < U∞ < 0.64 m/s
over a Reynolds number range2000 < Reh < 20000. The tests run in the water channel
is turbulent flow with boundary layer thickness,δ = 40 mm, over smooth FFS in different
step heights and the range of ratio boundary thickness over step height of0.9 < δ/h < 2.7.
The other facility is a low speed boundary layer wind tunnel with a maximum speed of
U∞ = 3.4 m/s over a Reynolds number range2500 < Reh < 4300. The boundary layer
thickness of the flow isδ=76mm and the ratioδ/h = 4. Based on the flow conditions, the
reattachment length is obtained to be1.1h < Xr < 4h and it tended to increase with the
Reynolds number for a given value ofδ/h ratio. The sensitivity of the value ofXr varies in
two regimes: one is whenReh < 8500 whereXr is heavily dependent onReh. The other
is for Reh > 8500 where the value ofReh only weakly affectsXr. But the regimes ofReh
change occurred independently of the ratio ofδ/h and the change is postulated to occur due
to a change in the dynamic between the upstream and downstream recirculation regions.
Indeed, Mohsen (1967) and Tashieet al. (2001) illustrated that the structures developing
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on the step are immersed in the boundary layer as long as the ratioδ/h is larger and the
dimensions of the recirculation bubble is weakly dependent on the external flow velocity
when the step is immersed in the upstream boundary layer.Sherryet al. (2009) broadly
categorized past studies into two groups:δ/h > 1 andδ/h < 1. In the case ofδ/h > 1,
which is a blunt flat plate, it was shown thatXr is strongly dependent onδ/h although
the mechanism of upstream turbulent level is unclear. The reattachment point varies with
the unsteady behavior of the shear layer. Forδ/h < 1 Xr was relatively insensitive to
ratio of δ/h and generallyXr was approximately4h ∼ 5h. Research ofSherryet al.
(2009) also revealed thatXr increased monotonically withReh for a givenδ/h ratio for
2000 < Reh < 20000.
Addadet al. (2003) used computational fluid dynamics (CFD) with large eddy simu-
lation (LES) of a flow over a forward-backward facing step with step heighth = 50 mm
and longthl = 10h. The free stream velocity of the flow isU∞ = 50m/s, Reh = 1.7×105
δ/h = 0.7, which is based on the value of the upstream boundary layer thickness reported
from the laser doppler anemometry (LDA) measurements ofLeclercqet al. (2001). In the
experiments made byLeclercqet al. (2001) and Moss and Baker (1980), for the upstream
region, the flow detaches at0.8h ∼ 1.5h before the step to reattach on the vertical wall
at 0.6h ∼ 0.65h. The corresponding values based on the LES calculation byAddadet al.
(2003) are1.2h and0.6h, respectively. In the downstream region,Xr = 4.7h is obtained
by LES which is the same value reported by Moss and Baker (1980), whileLecl rcqet al.
(2001) reported a rather smaller distance of3.2h. The vortices in the free shear layer show
the relation with the acoustic source term identification. The results of LES show great
agreement with the LDA data collected byLeclercqet al. (2001).
Ji & Wang (2010) performed a CFD study using LES to analyse a flow over FFSs
at Reynolds number based on the momentum thicknessReθ = 4100. The simulations
are executed with four different heights ofδ/h = 1.89, 7.69, 30 and 120.48, respectively.
They obtained excellent agreement with experimental results with the same flow condi-
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tion. Furthermore, it is found that the difference in agreement with previous experimental
observations is much reduced as the step height is decreased. For the turbulent boundary
layer thickness range from 1.89 to 120.48 of the step height, the recirculation regions at the
upstream before the step always exist but for the downstream on the top of the step, there
is no recirculation region whenδ/h is greater than 30.
1.2.2 Impact of low-order models on rough-wall turbulent boundary
layers
Christensen and coworkers (Johnson & Christensen(2009); Mejia-Alvarez & Christensen
(2010)) have applied singular value decomposition (SVD) which is akin to proper orthog-
onal decomposition (POD) to produce low-order models of realistic rough surface and
studied their impacts on turbulent flows.
In SVD, the matrixA which represents the fluctuating roughness heights of the rough
surface can be decomposed as
A = UΣVT , (1.1)
whereU andV are orthogonal matrices andΣ is a diagonal matrix containing non-zero
singular values ofA, ai, arranged in decreasing order. A low-order model of rankk of the
rough surface is then obtained by keeping only the firstk leading singular values as
Ak = UΣkVT (1.2)
whereΣk is obtained by settingaj = 0 wherej > k in Σ andk is less than the rank ofA.
SVD is related to POD in that the squares of the singular values,a2i , are the eigenvalues,
λi, of AAT or AT A. Since the singular values are arranged in non-ascending order, the
low-order roughness modelAk obtained from equation1.2is optimum in thatAk possesses
the highest value of the sum of the squares of the roughness heights than any other k-rank
roughness approximations.
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Johnson & Christensen(2009) performed PIV measurements in turbulent channel
flows over short fetches of a full rough surface replicated from a turbine blade damaged
by spallation and four low-order representations at ranks of=1, 5, 10, 20 atReτ ≈ 1828.
They found that a surface model withk = 20 (only 9% of the total number of POD modes
of the full surface) produces almost the same turbulence statistics such as the mean velocity
profile, profiles of Reynolds normal and shear stresses, and the instantaneous shear-stress-
contributing events from quadrant analysis, with flow over the full surface. Note than in
this study, since the rough surfaces are short, the internal roughness layer developed from
the leading edge of the rough surface has not grown to occupy the entire wall-normal extent
of the flow yet and therefore the rough-wall flow is a developing channel flow.
Mejia-Alvarez & Christensen(2010) conducted PIV measurements in the streamwise–
wall-normal (x − y) plane of a zero-pressure-gradient boundary layer over both short and
long streamwise fetches of a rough surface and its low-order models atReθ = 11400.
The rough surface was replicated from a turbine blade damaged by deposition of foreign
materials and is the same roughness as studied in the present effort. Low-order models of
ranksk = 5 and 16 were used as shown in figure1.2. A comparison of both single- and
two-point statistics indicated that a 16-mode model which contains approximately 95%
of the full surface content resulted in the same effects as the full rough surface on the
turbulent flow under both developing and developed conditions. For the developed flow
with long fetches of rough surfaces, both the 5- and 16-mode low-order models reproduced
the characteristics of the turbulent boundary layer outside the roughness sublayer. However,
neither of the two surface models was found to faithfully reproduce the details of the intense
ejections and sweeps within the roughness sublayer.
1.2.3 Objectives of the present study
The objectives of the present study include:
1. Exploring the impacts of the realistic roughness topography which is intrinsically
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Figure 1.2: (a) Topography of the full rough surface inMejia-Alvarez & Christensen
(2010). (b) Low-order model with the first 16 SVD modes. (c) Low-order model with
the first 5 modes.
three-dimensional, highly irregular and random on the turbulent boundary layer over
forward-facing steps.
2. Exploring how the turbulent boundary layer will be affected if the rough forward-
facing step is approximated at its coarse scale resolutions obtained from discrete
wavelet analysis of the roughness topography.
In order to achieve these objectives, high spatial resolution particle image velocimetry
(PIV) measurements are performed and various turbulence statistics as well as characteris-
tics of coherent vortical structures are obtained and compared.
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Wavelet Analysis of the Roughness
This chapter describes the topography of the rough forward-facing step under current con-
sideration and the details of the discrete wavelet analysis of the roughness topography that
yields its approximations at different scale resolutions.
2.1 Roughness
The roughness topography considered herein is replicated from the profilometry measure-
ments of a roughened turbine blade (surface 4 inBo set al.(2001)). This kind of roughness
is attributable to the deposition of foreign materials and is often observed on the trailing
edge of the pressure surface of land-based turbine blades. The present roughness was
scaled from the original topographical information in all three dimensions to yield an aver-
age peak-to-valley roughness height ofk = 4.2 mm and a RMS (root-mean-square) height
of krms = 1.0 mm. Figure2.1shows a contour plot of this highly irregular rough surface.
It can be seen that this realistic roughness is distinct from other idealized ones such as wire
mesh and arrays of cylinders or hemispheres. The complexity of this surface is evident by a
broad range of topographical scales and random distribution of roughness elements which
are generally elliptical in shape and are roughly aligned in the flow direction.
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Figure 2.1:Contour plot of the fluctuating heights of the roughness on the top surface of
the rough block. P1 and P2 mark the locations of the PIV measurement planes.
2.2 Multi-resolution analysis using discrete wavelets
Wavelet transform has been used in a variety of scientific and engineering applications such
as geophysics (Kumar & Foufoula-Georgiou(1997)), biomedical engineering (Liang & Lin
(2002)), and image compression (Grgic et al. (2001)). The continuous wavelet transform
(CWT) of a one-dimensional functionf(t) is defined as the integral transform (Daubechies
(1992))















represents a family of functions termed wavelets which are generated by scaling and trans-
lation of the mother waveletψ(t), anda, b are the scale and translation parameters, respec-
tively.
In practice, the discrete wavelet transform (DWT) is usually implemented on sampled
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signals to reduce the redundancy and computational complexity of the CWT. In the DWT,
the scale parametera is normally chosen to be powers of 2 and the translation parameter
b is chosen to be an integer multiple of the scales to form an orthonormal wavelet basis of








and the DWT is given by




Multi-resolution analysis (MRA) is an efficient algorithm introduced byMallat (1989)
to perform discrete wavelet transform of a signal. In MRA, a signal can be decomposed
at different resolution levels. At each level, the signal is represented by a low-resolution
approximation plus the details on that level and on each higher resolution level. That is,




whereAi(t) is the approximation at leveli andDk(t) is the detail at levelk. The approxi-











is a set of orthonormal basis generated from the scaling functionφ(t), which is a companion
function of the wavelet function.CAi,k are the coefficients obtained by projectingf(t) on the
basisφi,k(t), i.e.,CAi,k =
∫
f(t) · φi,k(t)dt. Multi-resolution analysis of a two-dimensional
signal such as the rough-surface topography can be derived from 1D DWT described above.
The 2D scaling function used to generate approximations of a 2D function is obtained by
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multiplying two 1D scaling functions in each direction, i.e.,φ(x, y) = φ(x)φ(y).
The Daubechies wavelet of order 10 (db10) is used to generate 7 levels of multi-
resolution approximations of the two-dimensional highly irregular roughness topography
illustrated in figure2.2. Daubechies wavelets are a family of frequently used orthogonal
asymmetric discrete wavelets. Order 10 is used here due to its regularity so that the multi-
resolution approximations of the complex rough surface are smoother and therefore easier
to be related to other regular roughness topographies in the future. Further levels of rough-
ness approximations are not pursued since they are only represented by waviness of very
low amplitudes. For example, the fractional surface content (FSC), defined byJohnson &
Christensen(2009) as the ratio of the variance of the surface approximation to the variance





, for level 8 is only 7%. For comparison, the FSC for the first
POD mode of this surface is 30%.
Figure2.2 presents the multi-resolution surface approximations from level 7 (A7) to
level 2 (A2). SinceA1 is very close to the original rough surface (FSC=99.9%), it is omit-
ted in the figure. It is seen that at the coarsest resolution,A7 only shows the broad features
of the rough surface and the height variation is slow with large length scales. When the
resolution becomes finer, smaller-scale roughness features are emerging in the approxi-
mations. This progression of the surface approximations to the original one with scale
resolutions can be further illustrated in figure2.3which presents roughness height profiles
alongz = 144 mm (This position is chosen arbitrarily). It is seen in figure2.3 (a) that
although the original roughness profile has several prominent peaks, the approximation at
the coarse resolution,A7, only reflect a general trend that the roughness heights on the right
is slightly larger than those on the left. With finer resolutions, the roughness profiles in the
approximations begin to illustrate distinct peaks as in figure2.3 (b) and (c). At resolution
level 4, the approximationA4 captures all major roughness peaks in the original surface.A3
is already an excellent approximation of the highly irregular roughness but at an expense
of including much smaller roughness scales. Also note that althoughA3 has a FSC as high
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Figure 2.2:Multi-resolution approximations of the highly irregular rough surface. (a)A7
at level 7; (b)A6 at level 6; (c)A5 at level 5; (d)A4 at level 4; (e)A3 at level 3; (f)A2 at
level 2. The contour levels are the same as in figure2.1.
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as 97.3%, its profile is still remarkably smooth due to the regularity of the db10 wavelet.
Finally, the difference betweenA2 and the original rough surface is observed to be trivial
as shown in figure2.3(f).
A comparison between multi-resolution approximation using DWT and low-order re-
construction using POD of the rough surface is provided below. As mentioned before, the
major inadequacy of the POD is its non-universal basis. To understand this, let’s take a
quarter of the current rough surface (say, 0 mm≤ x ≤ 46 mm and 0 mm≤ z ≤ 85 mm)
as a new surface to compare. The fraction surface content (FSC) for these two surfaces of
different sizes are presented in figure2.4(a) as a function of POD modes. Firstly, since the
number of POD modes is equal to the rank of the roughness matrix, POD for the smaller
surface only has half number of the modes as for the full surface. Secondly, the FSC of
the first few dominant POD modes are totally different between the full surface and the
smaller surface as can be clearly observed in figure2.4 (a). Therefore, the POD modes
used to optimize the variance of the smaller rough surface are entirely different from the
modes optimized for the full surface. As a result, it is not straightforward to apply the
results of the turbulence studies in a laboratory on a small piece of rough surface to the
engineering flows where that laboratory-studied roughness is only a smaller sample of a
much larger surface. On the other hand, DWT can overcome this inadequacy of POD.
Figure2.4 (b) shows the roughness profiles alongz = 24 mm (arbitrarily chosen) in the
surface approximations at resolution level 4 for both the full and the smaller surfaces. It is
seen that the roughness profile inA4 of the smaller surface is right on the profile inA4 of
the original surface. As such, unlike the low-order reconstruction using POD modes, the
multi-resolution approximation of the roughness using DWT does not depend on the size
of the sampled surface.
Another inadequacy of POD is that it optimizes only the variance of the roughness
height. On the contrary, DWT offers a local space-scale decomposition of the roughness






























































































































































Figure 2.3:Roughness height profiles alongz = 144 mm in (a)A7; (b) A6; (c) A5; (d) A4;
(e)A3; and (f)A2. The roughness height profile at the samez location in the original rough
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Figure 2.4:The roughness height profile alongz = 24 mm for surfaces from (a) Fraction
surface content (FSC) as a function of POD modes for the full and a quarter of the rough




















Reconstructed from 10 POD Modes, FSC= 88.4%
Two roughness peaks

























Figure 2.5:The roughness height profile alongz = 144 mm for surfaces from (a) low-order
reconstruction from the first 10 POD modes, (b) Level-4 approximation from DWT (A4).
The roughness height profile at the samez location in the original rough surface is also
included as dashed lines for comparison.
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is an important roughness parameter that affects the turbulent flows, other parameters such
as slope and aspect ratio are also observed to have significant impacts (seeBandyopadhyay
& Watson(1988); Schultz & Flack(2009)). Therefore, it may not be enough to optimize
just the roughness height using POD. The advantage of DWT in this respect is shown in
figure2.5which presents the roughness height profiles alongz = 144 mm for the original
surface, level-4 approximation from DWT, and low-order reconstruction from the first 10
POD modes. The two simplified rough surfaces by DWT and POD presented here are
suitable for a direct comparison since they have about the same FSC (88.3% forA4 fr m
DWT and 88.4% for the reconstruction from the first 10 POD modes). As indicated by the
arrows in figure2.5 (a) and (b), two distinct roughness peaks in the original rough surface
are clearly identified by DWT but are not well resolved by POD. In addition, it is observed
that the approximated rough surface using DWT is much smoother than the one from POD,
which is another advantage of DWT.
It has been illustrated that the Wavelet-based multi-resolution approximation is a
promising alternative method to proper orthogonal decomposition (POD) for simplifying
a realistic highly irregular rough surface for turbulence studies. The inadequacies of the
POD method to reduce the complexity of the roughness topography has been shown here
to be overcome by the wavelet method. Therefore, in addition to the full roughness topog-
raphy, its coarse scale resolution approximations at levels A6 and A4 are also studied here
to investigate their impacts on the turbulent boundary layers over forward-facing steps. For
roughness approximation A6, the average peak-to-valley roughness height isk = 2.34 mm
and the RMS height iskrms = 0.64 mm. For roughness approximation A4,k = 4.01 mm
andkrms = 0.94 mm.
Three rough blocks, the full surface and its two approximations A6 and A4, are fab-
ricated using an Eden 350 3D printer with a resolution of 16 microns at the MechSE Ford
Lab at the University of Illinois at Urbana-Champaign. The top surface of these blocks are
rough while the bottom surface is smooth. A photo of these blocks is presented in figure
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(a)  A6 (b) A4 (c) Full Surface
Figure 2.6:Photo of rough blocks for the experiment: (a) Level-6 approximations (A6),
(b) Level-4 approximation(A4), (C) Full rough surface.
2.6. They are spray painted black in order to reduce the reflection of the laser light sheet
during PIV measurements. All the three blocks are of 90 mm (14h) long, 169 mm (27h)
wide and with a mean height ofh = 6.35 mm. The current study concentrates on the flow
over the forward-facing step (FFS) of the block.
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Experiments
This chapter describes all aspects of the experiments undertaken, including a description
of the flow facility, PIV system, as well as all details pertaining to the particle image ve-
locimetry (PIV) measurements.
3.1 Flow facility
The particle image velocimetry (PIV) experiments were performed in an Eiffel-type, open
circuit, boundary layer wind tunnel at the department of Mechanical and Materials Engi-
neering at Wright State University. It was initially designed by ELD Inc. (Engineering
Laboratory Design, Inc. of Minneapolis, MN). A new test section was recently installed to
allow optical measurements. The test section is 0.67 m× 0.67 m in cross-section and 3 m
in length. The ceiling and the side walls of the test section are made of high-quality glass
to allow optical access. One side wall is composed of two windows that can be opened to
facilitate necessary operations inside the test section. The bottom of the test section con-
sists of six removable panels, five of which are made of glass and one of which is made
of plexi-glass allowing mounting models for aerodynamic studies. Air is drawn into the
tunnel via an elliptical inlet and the flow is conditioned prior to entering the test section
with a series of screens and honeycomb to maximize uniformity and minimize turbulence
levels. This conditioning yields a freestream turbulence intensity of∼0.45%. The flow rate
of the air is controlled through the fan speed by adjusting the frequency input. The bound-
ary layers are developed on a 2.90 m long hydraulically smooth flat plate which has an
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elliptically shaped leading edge and is suspended 90 mm above the floor of the tunnel. In
order to ensure spanwise uniform transition as well as to stabilize the streamwise location
of transition, flow over the flat plate is normally tripped by a 4.7 mm-diameter cylindrical
rod placed just downstream of the leading edge of the plate. A 100 mm-long tail flap is
attached to the trailing edge of the plate and is set at∼ 5◦ in the present experiments to
prevent separation at the leading edge of the plate. The physical growth of the boundary
layer and the inclined tail flap created a slight favorable pressure gradient with the acceler-




< 7.0× 10−8 at the measurement location, whereU∞ is the
freestream velocity andν is the kinematic viscosity of the air.
3.2 PIV system
Particle image velocimetry (PIV) is a non-intrusive optical technique to measure the instan-
taneous velocity distribution in a two-dimensional plane of the flow through the imaging of
tracer particles embedded within the flow during a very short time interval between times
t1 andt2. The region of interest is illuminated with two thin sheets of laser light produced
by a double-pulsed laser att1 andt2, respectively. The scattered light from the particles is
recorded and digitized by a charge-coupled device (CCD) camera. Two-frame cross corre-
lation analysis is performed to extract the average particle displacements,∆X, of a small
sub-domain of the image field which is called the interrogation region. To the first order,





where∆X is the average displacement of the particles in the interrogation region over the
time interval∆t = t2 − t1. A two-dimensional velocity vector field is generated after
the velocity information is extracted for each interrogation region across the whole image
plane.
A New Wave Research Solo PIV Nd:YAG laser system is used as the illumination
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source for the current measurements. The system has two laser cavities and can provide a
pair of laser pulse with a minimum time separation of 1µs at a maximum frequency of 15
Hz. Each laser pulse has a pulse width of approximately 5 ns and about 120 mJ energy.
A series of optics including high-energy mirrors, a spherical lens, a cylindrical lens
and prisms are used to generate a thin laser light sheet (∼ 200µm thick) that is perpendic-
ular to the boundary layer plate and parallel to the flow (streamwise–wall-normal (x − y)
plane). Since the smooth and rough blocks are not transparent, the laser light is directed
from the ceiling of the wind tunnel which is made of glass.
A 1600× 1200 pixel (width× height) Dantec Dynamics 8-bit CCD camera with
frame-straddle capabilities is used to image the tracer particles illuminated by the laser
light sheet. A Sigma 105 mm focal length lens is used to focus the camera on a field of
view in the wind tunnel with a high spatial resolution of 50 pixels/mm.
3.3 PIV measurements
Two-dimensional PIV measurements were performed in the streamwise–wall-normal (x−
y) plane at two different spanwise positions (P1 and P2 in figure 1) for both smooth and
rough FFSs (including full surface, A6 and A4) atReh = U∞hν =3450, whereU∞ is the
freestream velocity,h is the mean step height, andν is the kinematic viscosity of the air.
The flow was seeded with 1µm droplets generated by a fog generator. As mentioned above,
the flow field was illuminated through the transparent glass ceiling with a 200µm-thick
laser sheet generated by a pair of Nd:YAG lasers. An 8-bit frame-straddle CCD camera of
1200× 1600 pixels was used in conjunction with a 105 mm lens, yielding a field of view of
3.8 h× 5 h (wall-normal× streamwise) and a magnification factor of about 50 pixels/mm.
Measurements were first made in the upstream region of the steps and then the camera
was moved to measure the flow fields downstream of the steps. More than one thousand
statistically independent pairs of particle images are acquired for each measurement using
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Laser









Figure 3.1:Schematic of experimental setup.
Dantec Dynamics FlowMaster software. For each measurement, it needs seven runs each
of which takes eight seconds to acquire∼150 image pairs and it takes about four minutes
to save the images from memory to disk. The total acquisition time is about 30 minutes for
each measurement. The laser frequency is kept at 15 Hz. The experimental schematic is
shown in figure3.1.
The pairs of PIV images were interrogated using the two-frame cross-correlation
method with interrogation window size of 20× 20 pixels with 50% overlap. The inter-
rogation was carried out within theInsight 3Gsoftware (TSI, Inc.). An iterative, two-pass
scheme was employed to improve the accuracy of the velocity fields. The resulting veloc-
ity vector fields have a grid spacing of 0.2 mm orh/32. The relevant PIV interrogation
parameters are summarized in Table3.1.
The vector fields are also validated using objective statistical methods such as magni-
tude difference comparison and median criteria to remove erroneous velocity vectors. The
parameters used in the validation procedures are listed in Table3.2. On average, 97-99%
of the velocity vectors in any given velocity realization are found to be valid minimizing
24
Table 3.1:PIV interrogation parameters for streamwise–wall-normal (x − y) plane mea-
surements. InInsight 3G, “PIV Processor Setup”, the “Grid Engine”, “Spot Mask Engine”,
“Correlation Engine” and “Peak Engine” are chosen to be “RecursiveNyquistGrid”, “No-
Mask”, “FFTCorrelator” and “GaussianPeak”, respectively.
Parameters Full Surface A6 A4
Pass 1: (x× y (pix)) Window 1 32×32 32×32 32×32
Window 2 32×32 32×32 32×32
Pass 2: (x× y (pix)) Window 1 20×20 20×20 20×20
Window 2 20×20 20×20 20×20
Window Offset inx (pix) 0 0 0
Time Separation∆t (µs) 20 20 20
UPSTRM DWNSTRM UPSTRM DWNSTRM UPSTRM DWNSTRM
Magnification (µm/pix) P1 21.07 21.07 21.01 21.01 20.95 20.95
P2 22.14 22.14 22.06 22.06 22.16 22.07
Number of Realizations P1 1057 1101 1567 1117 1309 1036
P2 1041 1048 1092 1148 1082 1148
Table 3.2:PIV validation parameters forx− y plane measurements.
Procedure Parameters
Magnitude difference (MD) 1.5
Magnitude difference (MD) 1.5
Interpolate (% neighbors required) 50%
Smooth with Gaussian 0.9
the need for interpolation of holes. Finally, each vector field is low-pass filtered to remove
noise associated with frequencies higher than the sampling frequency of the interrogation.
The measurement uncertainty of the instantaneous velocity for the recursive image
interrogation procedure used in this study is approximately 0.05 pixels at 95% confidence
level (seeScarano(2002)). Upstream approaching the smooth-wall turbulent boundary
layer was also measured using PIV at 50h ahead of the smooth and rough steps. The
turbulence statistics of the measured upstream boundary layer was not found to be altered
due to the presence of the steps. The Reynolds number based on the momentum thickness
of the approaching boundary layer isReθ = 3130. The ratio of the upstream boundary
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layer thickness to the mean step height is,δ/h = 8, which means the perturbation of the
present steps are quite weak (seeBradshaw & Wong(1972)). The roughness Reynolds
numbers,k+ = kuτ/ν, for the full roughness and approximations A4 and A6 are 84, 80,
and 47, respectively.
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Turbulent Boundary Layers Over
Smooth and Rough Forward-facing
Steps
The focus of this chapter is to explore the impact of the roughness on the turbulent boundary
layers over forward-facing steps. Comparison of mean flow structures, Reynolds normal
and shear stresses, quadrant analysis of instantaneous shear stress contributing events, and
ensemble averaged spanwise vorticity has been performed. The coherent spanwise vor-
tices have also been extracted from the field of correlation between swirling strength and
vorticity. The impact of the rough forward-facing step on the characteristics of these vor-
tical structures such as the numbers of vortices, spatial distribution, size and circulation
distributions is investigated.
4.1 Mean flow structures
Figure4.1 shows the ensemble averaged velocity fields for the smooth FFS at positions
P1 and P2. The velocity vectors are set to be uniform to highlight the two recirculation
regions upstream and downstream of the step. The streamlines are also imposed on the
vectors to illustrate the flow fields. The mean velocity fields at either spanwise position
clearly shows two separation bubbles located upstream and downstream of the step. The
separation point of the upstream recirculation region is found from thex-location where
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the streamwise component of the mean velocity is approximately equal to zero,U ≈ 0, at
the grid point closest to the ground. The reattachment position on the vertical side of the
step is determined from they-location where the vertical velocity component is equal to
zero,V ≈ 0. The reattachment position of the downstream recirculation region on the top
surface of the step is found from thex-location whereU ≈ 0. No attempts are made to
extrapolate the dividing streamline to the wall for these separation and reattachment posi-
tions. It is observed from figure4.1 that the turbulent boundary layer separates at∼0.8h
upstream and reattaches to the vertical step wall at∼0.44h above the ground surface for
both spanwise positions. The measurement uncertainty is±0.10h (95%) in locating the
separation point and is±0.03h in locating the reattachment position on the step’s vertical
wall. These observations are in good agreement with the results ofLeclercqet al. (2001).
Figure4.1also shows that the reattachment length,Xr, is 1.17±0.03h in both PIV measure-
ment planes. It is very close to the value of the reattachment length (Xr = 1.1h) obtained
from the flow visualization inSherryet al. (2009) for δ/h = 4 and2500 < Reh < 4300,
but is quite low compared with other studies (2 ∼ 5h Leclercqet al. (2001); Gassetet al.
(2005); Largeau & Moriniere(2007); Camussiet al.(2008); Agelinchaab & Tachie(2008);
Ji & Wang (2010)), probably due to the largeδ/h ratio and the low Reynolds number in
the current study. Note that since the current PIV measurements cannot reach very close to
the step’s surfaces due to laser reflection, the measured values in separation and reattach-
ment point in the upstream recirculation region andXr for the downstream recirculation
region will be slightly lower than the true values. The centers of the separation bubbles
in the upstream and downstream recirculation regions are estimated from the streamlines
to be (−0.24 ± 0.02h, 0.20 ± 0.02h) and (0.71 ± 0.05h, 0.14 ± 0.02h), respectively, for
both measurement planes. Although “branching structures” may exist in the flow of FFS
for largeW/h ratios (W is the width of the facility’s test section) as observed inLargeau
& Moriniere (2007), the resemblance of the mean flow structures shown in figure4.1 in-
dicates that, at most, the spanwise wavelength of the branching structures in the current
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Table 4.1:Locations of the separation point, reattachment position on the vertical wall of
the step, and the bubble center in the upstream recirculation region.
Separation Point Reattachment Position Bubble Center
Smooth x = −0.80± 0.10h y = 0.44± 0.03h (−0.24± 0.02h, 0.20± 0.02h)
Rough P1 x = −0.80± 0.10h y = 0.52± 0.03h (−0.26± 0.02h, 0.21± 0.02h)
Rough P2 x = −0.78± 0.10h y = 0.51± 0.03h (−0.26± 0.02h, 0.21± 0.02h)
study is quite long compared with the separation distance between the two measurement
planes. Therefore, only the results at P1 over the smooth step will be presented hereinafter
to compare with the rough step cases.
Ensemble averaged flow fields of the rough FFSs at positions P1 and P2 are pre-
sented in figure4.2. The velocities very close to the top surface cannot be measured in
the present experiments due to either the laser light sheet reflection or the blockage of the
higher roughness elements located closer to the camera. Figure4.2shows that the upstream
recirculation regions of the rough step are qualitatively similar to those of the smooth step.
The locations of the separation point, reattachment position, and the centers of the bubbles
in the upstream recirculation region at P1, P2 of the rough step and over the smooth step
are summarized in Table4.1. It can be observed that these values are quite similar between
the smooth and the rough steps. Note that not much significance can be attached to the
relatively larger difference of about0.08h in the reattachment position between the smooth
and the rough steps since the measured velocity vectors for the smooth step are less close
to the vertical wall.
On the other hand, the flow field of the downstream recirculation region on the step’s
top surface is strongly affected by the surface topography of the rough steps. At posi-
tion P2, the downstream recirculation bubble disappears as shown in figure4.2 (b). This
may be explained by the positive slope of the roughness profile after the sharp edge of the
rough step at P2. A local favorable pressure gradient may be generated due to this positive
slope and therefore prevents the generation of the separation bubble. In contrast, a clearly
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defined bubble is observed at measurement position P1 at the downstream recirculation re-
gion. At this spanwise position, the roughness profile illustrates a negative slope and thus
may produce a local adverse pressure gradient. The center of this bubble at P1 is observed
to be located at (0.83±0.05h, 1.14±0.02h). Compared with the smooth step case where
the downstream recirculation bubble is at (0.71±0.05h, 1.14±0.02h), the streamwise lo-
cation of the bubble on the rough step at P1 is moved a bit further downstream while the
vertical location is not affected by the roughness. Therefore, the mean velocity fields of the
turbulent flow close to the top surface of the rough step are observed to be highly three-
dimensional in contrast to the smooth step case and strongly dependent on the specific
roughness topographies.
4.2 Reynolds stresses
The normalized streamwise Reynolds’s stress,〈u
′2〉
U2∞
, over the smooth step is presented in
figure4.3(a). As the turbulent boundary layer approaches the FFS, the steamwise Reynolds
stress is increased slightly due to the presence of the step. The maximum streamwise RMS
(root-mean-square) velocity,σu =
√
〈u′2〉 occurs at about (-0.5h, 0.5h) and is approxi-
mately 5% of the freestream velocity. However,〈u
′2〉
U2∞
is enhanced significantly within the
downstream recirculation region on top of the step initiated by the sharp edge. The high-
est levels are located in the strong shear layer between the recirculation bubble and the
outer high-velocity fluids. The maximumσu reaches to about 30% of the freestream ve-
locity, U∞. This increase in the streamwise RMS velocity agrees with those in the study of
Agelinchaab & Tachie(2008) (∼30-34%) but is lower than those found inLeclercqet al.
(2001) (∼40%) andSherryet al.(2009) (∼37-45%). The main reason for these differences
in σu may be due to the differentδ/h ratios used in these studies: lower levels ofσu were
found in studies with largeδ/h ratios (δ/h = 9.3 inAgelinchaab & Tachie(2008) andδ/h
= 8 in the present study) while higher levels were observed with relatively smallδ/h ratios
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(δ/h = 0.8 inLeclercqet al. (2001) andδ/h = 0.9∼4 in Sherryet al. (2009)). For a lower
δ/h, the region with higher velocity within the turbulent boundary layer is perturbed by the
step and thereby generating more streamwise turbulence.
The normalized streamwise Reynolds’s stress,〈u
′2〉
U2∞
over the rough FFS at measure-
ment positions P1 and P2 are presented in figure4.3 (b) and (c), respectively. It can be
observed that the streamwise Reynolds normal stresses ahead of the rough step at these
two different spanwise positions are very similar to that over the smooth step. Obvious
differences are present in flow regions above the rough step where the flows are directly af-
fected by the specific roughness topographies. At P1 where the roughness profile possesses
a negative slope immediately downstream of the sharp edge, the peakσu v lue is reduced
by about 27% and the region with high levels of〈u
′2〉
U2∞
extends less further downstream when
compared to the smooth step case. At position P2 where a positive-slope roughness profile
follows the sharp edge, large values of〈u
′2〉
U2∞
do not appear to extend beyondx = h, in con-
trast to the smooth step case. However, the peakσu is comparable to that over the smooth
step at this spanwise measurement position.




FFS. The black line overlaid in this figure is the contour line corresponding to a zero mean
wall-normal velocity,V = 0. The mean wall-normal velocity is negative inside the region
enclosed by this line andV is positive outside of this contour line. It can be observed
that as the turbulent boundary layer approaches the step, The maximum wall-normal RMS
velocity, σv =
√
〈v′2〉 is increased up to 10% of the freestream velocity in the recircula-
tion region ahead of the FFS. Another region of high levels of wall-normal Reynolds stress
is located in the vicinity of the sharp edge of the step in whichσv is also about 10% of
U∞. Further downstream of the step is a large region with significant levels of wall-normal
Reynolds stress that extends beyond the current field of view of 5h. The peakσv in this
region is found to be approximately 17% of the freestream velocity,U∞. In addition, a ma-
jority of this region is found to be located in whereV < 0. As such, the generation of the
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large amounts of the wall-normal Reynolds stress in this region may largely be associated
with the process that the free stream is trying to recover from the adverse pressure gradient
and to reattach to the top surface.
Wall-normal Reynolds stresses over the rough FFS at P1 and P2 are presented in fig-
ures4.4 (b) and (c), respectively. It is seen that the two smaller regions of elevated〈v′2〉
located both ahead of the step and in the vicinity of the step’s edge are quite similar irre-
spective of the surface conditions on the step’s top surface. However, the distribution of
〈v′2〉 within the large region over the top of the step is strongly dependent on the surface
topography. At position P1, the coherence of the highest levels of〈v′2〉 observed between
0.8h and 2.2h is broken by the roughness. However, the peakσv is still comparable to the
value over the smooth step. Unfortunately, no information is available in the flow region
very close to the roughness and therefore the correspondence between the roughness pro-
file and the distribution of〈v′2〉 cannot be inferred in the current study. At position P2,
the levels of the wall-normal Reynolds stress are significantly suppressed, probably due
to the favorable pressure gradient locally produced by the roughness topography that bal-
ances part of the adverse pressure gradient generated by the step’s edge. Remarkably, the
region with high levels of〈v′2〉 between 0.8h and 2.2h over the smooth step disappears
at measurement position P2. Further downstream, the wall-normal Reynolds stress is also
much weaker when compared not only with〈v′2〉 over the smooth step but also with that at
position P1 of the rough step.
The Reynolds shear stress,〈u
′v′〉
U2∞
, over the smooth step is presented in figures4.5
(a). The shear stress of the turbulent boundary layer is slightly increased around the sharp
edge of the step. Immediately downstream of the step, a small region of strong positive
Reynolds shear stress exists. Further downstream is a large region of high levels of neg-
ative shear stress, indicating a strong turbulent mixing process that entrains high momen-
tum freestream fluid into the recirculation region above the step. The distributions of the
Reynolds shear stress over the rough step at P1 and P2 (figures4.5 (b) and (c), respec-
32
tively) show that〈u′v′〉 is reduced by the surface roughness, more significantly at P2 due
to its positive slope of the roughness profile immediately downstream of the step. It is also
interesting to note that at measurement position P2, very little Reynolds shear stress is pro-
duced aroundx = h where, in contrast,〈u′v′〉 obtained significant values for smooth step
and rough step at position P1.
4.3 Quadrant analysis
Since Reynolds shear stress can be contributed by four different quadrant events, out-
ward interactions (Q1), ejections (Q2), inward interactions (Q3), and sweeps (Q4), two-
dimensional quadrant analysis is performed to study the impact of the step’s surface rough-
ness conditions on the dominant Reynolds-shear-stress contributors. Similar to the one-
dimensional analysis conducted recently byWu & Christensen(2006 a) andMejia-Alvarez
& Christensen(2010), the mean Reynolds shear stress at each grid across the whole PIV
field of view is decomposed into contributions from four quadrants excluding a hyperbolic






whereN is the total number of PIV realizations andIQ is the indicator function defined as
IQ(x) =
{
1, when |u′(x), v′(x)|Q ≥ H|〈u′v′〉|SMmax
0, otherwise.
(4.2)
where|〈u′v′〉|SMmax represents the maximum value of the mean Reynolds shear stress over
the smooth step. This universal threshold is used here in order to clarify the effects of
the roughness on the quadrant events relative to the smooth step case. The space fraction







Hole sizesH = 0 and 4 are used here to represent shear stress contributions from all and
only strong events, respectively. Of particular interest in this study are the Q2 (ejections)
and Q4 (sweeps) events which contribute the most to the Reynolds shear stress.
Figures4.6presents contributions of ejections (Q2 events) and sweeps (Q4 events) to
the Reynolds shear stress for the threshold ofH = 0 over the smooth FFS, the rough step
at two different spanwise measurement positions P1 and P2. In the vicinity of the sharp
edge, the majority of the shear stress contributions is coming from ejections while the con-
tributions from sweeps are mainly concentrated in front of the step. Further downstream,
ejections contribute a little more than sweeps. In addition, contributions from the ejections
are distributed slightly further away from the top surface of the step than the contributions
from the sweeps. It can also be observed that ejections and sweeps contribute negligibly
in the small region immediately downstream of the sharp corner where the Reynolds shear
stress is positive, as shown in figure4.5. In that region, the positive Reynolds shear stress
is almost equally contributed by outward (Q1) and inward interactions (Q3) as shown in
Figure4.7. Compared to the smooth FFS case, Reynolds shear stress contributions from
Q2 and Q4 events are smaller over the rough step at both P1 and P2 positions, resulting in
a smaller mean Reynolds shear stress over the rough step as shown in figure4.5.
The space fractions occupied by ejections and sweeps forH = 0 over the smooth
step, the rough step at two different spanwise measurement positions P1 and P2 are shown
in figure4.8. The space fractions appear similar for steps with different roughness topogra-
phies. In the vicinity of the sharp edge, sweeps occupy around 40% of the space which is
a little higher than approximately 30% occupied by the ejections, although in this region
sweeps contribute less than the ejections to the Reynolds shear stress as shown in figure
4.6. In the small region immediately downstream of the corner, both ejections and sweeps
occupy about 10%, meaning outward and inward interactions occupy∼ 80% of the total
space. Further downstream of the step, the distributions of the space fractions for ejections
and sweeps illustrates an opposite trend. Ejections occupy∼35-40% of the space close to
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the step’s top surface while they occupy much less space (∼25%) further way into the free
stream. On the contrary, sweeps occupy less space closer to the step’s top surface.
Figure4.10presents Reynolds shear stress contributions from ejections and sweeps
for the smooth and rough steps at P1 and P2 at a threshold ofH = 4 which includes
only the most intenseu′v′ events. AtH = 4, the plots of space fractions as shown in
Figure4.9 illustrate that locations with high stress contributions from ejections or sweeps
are where such events occupy more spaces. In the vicinity of the sharp edge, there is very
little contribution from strong sweeps. On the other hand, intense ejections which occupy
only 5% of the total space contribute about 50% of the mean Reynolds shear stress in this
region. Furthermore, the surface conditions of the step do not appear to affect their shear
stress contributions or space fractions around the sharp edge. Further downstream of the
step, similar to the case forH = 0, ejections are found to contribute slightly more than
sweeps irrespective of the surface conditions. The contributions from either ejections or
sweeps can reach as high as 2/3 of the Reynolds shear stress while their space fractions
are less than 10%. However, the regions with large contributions from intensive Q2 and
Q4 events do not completely overlap: contributions from intensive sweeps are closer to the
step’s top surface while contributions from intensive ejections are located further away from
the step’s top surface. The roughness on top of the step reduces the occurrence of intense
ejections and sweeps and thereby reduces their contributions to the Reynolds shear stress
downstream of the step. A stronger inhibition of Q2 and Q4 events is observed at position
P2 where the roughness topography possesses a positive slope immediately following the
step, probably due to the local favorable pressure gradient generated by the roughness.
4.4 Spanwise vorticity
Figure4.11(a) shows the ensemble averaged spanwise vorticity,ωh/U∞, over the smooth
step. It can be observed that the vorticity of the incoming turbulent boundary layer close
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to the ground surface starts to decrease slightly when the flows approaches the FFS and
reaches a quite small value between -1.2h and -0.4h. The vorticity becomes stronger again
at the lower corner in front of the step apparently due to the existence of the recirculation
bubble. Downstream of the step, the sharp edge generates a shear layer with very strong
vorticity. The strongest vorticity occurs slightly downstream of the step’s sharp edge at
about 0.25h andω drops to around 15% of its peak value beyond about 2h downstream of
the leading edge.
The ensemble averaged vorticity over the rough step at P1 and P2 are presented in
figures4.11(b) and (c), respectively. Upstream of the step, the vorticity is not much dif-
ferent between the smooth and rough steps. More noticeable effects of the roughness are
found on the vorticity fields downstream and close to the top surface of the step, as may be
expected. Compared with the smooth-step case, the peak vorticity in the downstream shear
layers in both measurement planes of the rough step is significantly reduced, especially for
the P2 position, which is probably due to the local favorable pressure gradient caused by
the positive slope of the roughness profile. Although figure4.11(b) shows that the shear
layer on top of the rough step at P1 is extended only slightly further downstream compared
to that over the smooth step, figure4.11(c) illustrates that the shear layer generated at P2
maintains noticeably strong vorticty for a much longer distance downstream. It appears that
although the leading edge roughness at position P2 prevents a separated flow, this benefit
is discounted by a sustained high level of vorticity further downstream over the top surface
of a rough step.
4.5 Characteristics of spanwise vortices
The spanwise vortices created by the roll-up of the shear layer between the freestream
and the recirculation region were found to play important dynamic roles (Kiya & Sasaki
(1983)). Since vorticity can be contaminated by the strong shear strain rate in turbulent
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flows and free shear layers (Dubief & Delcayre(2000); Jeong & Hussain(1995)), coher-
ent vortical structures have been identified by using other advanced methods such as those
based on continuous wavelet transforms (Schramet al. (2004)) and on the analysis of lo-
cal velocity gradient tensor,∇u (Zhou et al. (1999); Chakrabortyet al. (2005); Jeong &
Hussain(1995); Hunt et al. (1988); Chonget al. (1990)). Among them, swirling strength
(λci), the imaginary part of the complex eigenvalue of∇u, has recently been successfully
applied on velocity fields obtained from PIV measurements in turbulent flows to elucidate
vortical structures whose rotational sense is identified by assigning the sign of the fluctuat-
ing spanwise vorticity toλci (Wu & Christensen(2010); Natrajanet al. (2007)).
In this study, the correlation between swirling strength and spanwise vorticity obtained
from 2D PIV velocity fields, defined as
Rλω(x) = λci(x)× ωz(x) (4.4)
is introduced to identify spanwise vortices. Not only doesRλω reveal the rotational sense of
vortices but it will also enhance the signal to noise ratio compared to the swirling strength
field. The efficacy ofRλω to suppress the noise embedded in the swirling strength fields is
illustrated in figures4.12(a) and (b) which present the three-dimensional contour plots of
λci andRλω, respectively, computed from the same instantaneous velocity field. It is clear
that much less small-scale noise exists in the field ofRλω than in the swirling strength field.
Two times the ensemble and area averaged standard deviation ofRλω ver the smooth
step is used as the magnitude threshold for valid vortices. As in quadrant analysis, a uni-
versal magnitude threshold based on the smooth step case is used in order to evaluate the
effects of the roughness on the characteristics of the spanwise vortices. Note that slightly
higher thresholds have been used in experiments than in numerical simulations in order
to minimize the effect of experimental noise associated with the computation of velocity
gradients. For example, two times the standard deviation of vorticity is used bySchram
et al.(2004) and 1.5 times the standard deviation ofλci is used byWu & Christensen(2006
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b) andNatrajanet al. (2007) to elucidate vortices from PIV measured velocity fields. Only
one RMS ofQ, the second invariant of∇u, is used as the threshold in the numerical sim-
ulations of turbulent open channel flow byNagaosa & Handler(2003). Nevertheless, two
different thresholds, 1 and 1.5 times the RMS value ofRλω are also tried to test the depen-
dence of the results on the values of the thresholds. With 1 RMS ofRλω, about 30% more
vortices are identified while only approximately 11% more are found for the threshold of
1.5 RMS compared with the total number of vortices identified for 2 RMS. Therefore, the
number of vortices is relatively insensitive to the threshold levels between 1.5 and 2 times
standard deviations ofRλω. All other results concerning the characteristics of spanwise
vortices presented here are not observed to have any dependence on the threshold levels.
The flow region upstream and downstream of the steps are analyzed separately using their
own standard deviations ofRλω over the smooth step. As can be inferred from the vorticity
field presented in figure4.11, the threshold in the flow region downstream of the step is
almost three times of that in the upstream region. Therefore, two times the RMS value
of Rλω in the downstream region will be too strong a threshold for the upstream region
of the step. Additionally, since the size of the smallest resolvable vortex is limited by the
spatial resolution of the PIV measurements, a size threshold is subsequently applied to the
Rλω fields after the magnitude threshold is applied. Similar to the study ofWu & Chris-
tensen(2006 b), clusters ofRλω with fewer than three grid points across their span in both
x andy directions are not considered as valid vortices due to insufficient spatial resolution.
As in Wu & Christensen(2006 b), vortices with negativeRλω (clockwise rotation when
the flow is from left to right) are termed prograde vortices and those with positiveRλω
(counter-clockwise rotation) are termed retrograde vortices.
The number of vortices per measurement field both upstream and downstream of the
smooth and rough steps at an interval ofh in the streamwise direction are presented in
figure4.13. In the flow region upstream of the steps, figure4.13(a) shows that the numbers
of prograde vortices between the smooth step and the rough step at P1 and P2 positions are
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differed by∼10% and therefore the effect of the roughness on top of the steps is considered
small. Figure4.13(b) shows that the number of retrograde vortices in front of the steps is
much less than that of prograde ones. However, it is obvious that the number of retrograde
vortices are increased when the flow approaches the step. There are more than twice as
many retrograde vortices withinh ahead of the step than 4h ahead of the step. The effect
of the roughness on the number of retrograde vortices is also seen to be very small. Within
1 h downstream of the steps, figure4.13(c) illustrates that the number of prograde vortices
over the rough step at P2 is more than 40% lower than that over the smooth step while
approximately the same number of prograde vortices are observed between P1 and the
smooth step. At1h < x < 2h, compared with the number of prograde vortices over
the smooth step, 40% less vortices are found over the rough step at P1 and about 50% less
vortices are observed at P2. Further downstream, the difference in prograde vortex numbers
is reduced to within about 15%. Finally, figure4.13(d) shows that there exist negligible
numbers of retrograde vortices within 1h downstream of the steps. Albeit the numbers of
retrograde vortices are all very small over1h < x < 2h, approximately half the number of
retrograde vortices are found over the rough steps than over the smooth step. The effect of
the roughness on the number of retrograde vortices is becoming smaller further downstream
of the step.
The spatial probability distributions of the prograde vortices are presented in figure
4.14. In the boundary layer far upstream of the step, more prograde vortices exist closer to
the wall, which is consistent withWu & Christensen(2006 b). When the boundary layer
approaches the step, vortices are convected further away from the wall due to the deflection
of the streamlines. As the turbulent boundary layer approaches the step, prograde vortices
are diffused further away from the bottom wall. The spatial distributions of the prograde
vortices upstream of the step are the same irrespective of the roughness conditions on top
of the steps. Downstream of the step, the PDF functions spread further into the free stream
along the streamwise direction. A narrow band of high probability to find prograde vortices
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exists between about0.2h and1h downstream of the smooth step. The peak PDF region is
extended further downstream for the rough step at position P1. At position P2 of the rough
step, high probability exists in a much smaller region right after the step’s front and several
other scattered spots as far as beyond3h ownstream of the step.
Probability density functions of the sizes of prograde vortices downstream of the steps
along the streamwise direction are presented in figure4.15 (a), (b) and (c). The PDF
functions are all peaked at the same size irrespective of the downstream directions and
roughness conditions. The PDFs are similar for both the smooth step and the rough step at
P1 position in that more large-size vortices occur within 2 h of the step. In contrast, figure
4.15 (c) shows that the vortex size distributions over the rough step at P2 are essentially
the same at different streamwise locations. On the other hand, the size distributions of the
prograde vortices upstream of the steps (as shown in figure4.16(a), (b) and (c)) and the
size distributions of the retrograde vortices both upstream (as shown in figure4.16(d), (e)
and (f)) and downstream of the steps (as shown in figure4.15(d), (e) and (f)) ) are invariant
to either the streamwise locations or the step’s surface conditions. The comparison of the
size distribution for prograde vortices downstream of the steps between smooth and rough
steps is presented in figure4.17 (a) and (b). Within 2h, there is no difference between
the smooth step and the rough step at P1 position. However, at P2 position of the rough
step, there is a significantly smaller chance of large-size vortices. Beyond 2h, the vortex
size distributions are not changed by the surface conditions. It is also observed that neither
the size distributions of the prograde vortices ahead of the steps nor those of the retrograde
vortices as shown in figure4.17(c) and (d) are sensitive to the step’s roughness conditions.
Probability density functions of circulation for vortices detected downstream of the
steps as a function of streamwise locations are illustrated in figure4.18 (a), (b) and (c).
Both prograde and retrograde vortices have peak circulation at about 0.02U∞h and their
circulation distributions do not change very much beyond 3 h along the streamwise direc-
tions. These trends are the same for both smooth and rough steps. However, the PDFs of
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prograde vortices for large circulation (tails of the PDFs) at0 < x/h < 1 are significantly
higher than the PDFs beyond 3h for both smooth step and the rough step at P1. At P2 of
the rough step, the PDF at0 < x/h < 1 is only slightly higher than those beyondx/h > 3.
Further, the PDF at1 < x/h < 2 at position P2 is nearly the same as those beyond 3h, in
contrast to other two cases. The PDFs of the circulation for vortices upstream of the steps
are invariant to the streamwise locations as present in figure4.18(d), (e) and (f). The circu-
lation distributions for vortices downstream of the steps are compared in figure4.19. It is
observed that there is significantly less chance to find prograde vortices of large circulation
at0 < x/h < 2 over the rough step at position P2 than at P1 and over the smooth step. The
circulation distribution for both prograde and retrograde vortices beyond 2h are the same
irrespective of surface conditions of the step as shown in figure4.19(b). Finally, the pdfs
of circulation for prograde and retrograde vortices identified upstream of the steps are also
invariant to the roughness conditions as present in figure4.18(d), (e) and (f).
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Figure 4.1:Ensemble averaged velocity fields over the smooth FFS at measurement posi-
tions of (a) P1, (b) P2. The flow direction is from left to right. The velocity vectors are set
to be uniform in lengths for clarity.
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Figure 4.2:Ensemble averaged velocity fields over the rough FFS at measurement positions
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Figure 4.4:Contour of the normalized wall-normal Reynolds stress,〈v
′2〉
U2∞
, for (a) smooth
step, (b) rough step at position P1, (c) rough step at position P2. Line contour ofV = 0 is
overlaid in the downstream region of the FFS flow.V < 0 within the region enclosed by
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Figure 4.5:Contour of the Reynolds shear stress,〈u
′v′〉
U2∞
, for (a) smooth step, (b) rough step
at position P1, (c) rough step at position P2.
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Figure 4.6:Reynolds shear stress contributions for the threshold ofH = 0 from (a) ejec-
tions (Q2 event) for the smooth FFS, (b) sweeps (Q4 event) for the smooth FFS, (c) ejec-
tions for the rough FFS at position P1, (d) sweeps for the rough FFS at position P1, (e)
ejections for the rough FFS at position P2, (f) sweeps for the rough FFS at position P2.
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Figure 4.7:Reynolds shear stress contributions for the threshold ofH = 0 from (a) ejec-
tions (Q1 event) for the smooth FFS, (b) sweeps (Q3 event) for the smooth FFS, (c) ejec-
tions for the rough FFS at position P1, (d) sweeps for the rough FFS at position P1, (e)
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Figure 4.8:Space fractions, for a threshold ofH = 0, occupied by (a) ejections (Q2 event)
for the smooth FFS, (b) sweeps (Q4 event) for the smooth FFS, (c) ejections for the rough
FFS at position P1, (d) sweeps for the rough FFS at position P1, (e) ejections for the rough
FFS at position P2, (f) sweeps for the rough FFS at position P2.
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Figure 4.9:Space fractions, for a threshold ofH = 4, occupied by (a) ejections (Q2 event)
for the smooth FFS, (b) sweeps (Q4 event) for the smooth FFS, (c) ejections for the rough
FFS at position P1, (d) sweeps for the rough FFS at position P1, (e) ejections for the rough
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Figure 4.10: Reynolds shear stress contributions for the threshold ofH = 4 from (a)
ejections (Q2 event) for the smooth FFS, (b) sweeps (Q4 event) for the smooth FFS, (c)
ejections for the rough FFS at position P1, (d) sweeps for the rough FFS at position P1, (e)
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Figure 4.11:Spanwise vorticity for (a) smooth FFS, (b) rough FFS at position P1, (c) rough






































Figure 4.12: (a) A representative instantaneous field of swirling strength,λci in the
streamwise–wall-normal plane in the downstream region of the smooth step. (b) Field
of Rλω obtained from the same velocity field as in (a).λci andRλω have been normalized
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Figure 4.13:Number of spanwise vortices per measurement field. (a) Prograde (Rλω < 0)
vortices upstream of the step, (b) retrograde (Rλω > 0) vortices upstream of the step, (c)
prograde vortices downstream of the step, (d) retrograde vortices downstream of the step.
Black (left) bar is for the smooth step, green (middle) bar is for the rough step at P1, and
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Figure 4.14:Spatial probability distributions of prograde vortices for (a) smooth FFS, (b)
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Figure 4.15:Probability density functions of the sizes of the prograde vortices downstream
of the (a) smooth step, (b) rough step at P1, and (c) rough step at P2. Probability density
functions of the sizes of the retrograde vortices downstream of the (d) smooth step, (e)
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Figure 4.16:Probability density functions of the sizes of the prograde vortices upstream
of the (a) smooth step, (b) rough step at P1, and (c) rough step at P2. Probability density
functions of the sizes of the retrograde vortices upstream of the (d) smooth step, (e) rough
step at P1, and (f) rough step at P2. Every other data is shown for clarity.
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Figure 4.17:Comparison of probability density functions of the sizes of the prograde vor-
tices downstream of the smooth and rough steps for (a)0 < x/h < 2 and (b)x/h > 2.
Comparison of probability density functions of the sizes of the retrograde vortices down-
stream of the smooth and rough steps for (c)0 < x/h < 2 and (d)x/h > 2. Every other
data is shown for clarity.
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Figure 4.18:Probability density functions of the circulation of the vortices downstream
of the (a) smooth step, (b) rough step at P1, and (c) rough step at P2. Probability density
functions of the circulation of the vortices upstream of the (d) smooth step, (e) rough step
at P1, and (f) rough step at P2. Every other data is shown for clarity.
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Figure 4.19:Comparison of probability density functions of the circulation of the vortices
downstream of the smooth and rough steps for (a)0 < x/h < 2 and (b)x/h > 2. Every
other data is shown for clarity.
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Turbulent Boundary Layers Over
Coarse Scale Resolution Approximations
of the Rough Forward-facing Steps
This chapter presents results concerning the impact of coarse scale resolution approxima-
tions at levels A6 and A4 of the full roughness on the forward-facing step turbulent flows.
In particular, the mean flow structure, Reynolds normal and shear stresses, quadrant analy-
sis, ensemble averaged spanwise vorticity and the characteristics of the coherent spanwise
vortices of the turbulent boundary layers over A6 and A4 steps are compared with those
over the original rough step.
5.1 Mean flow structures
Ensemble averaged velocity fields over A6 and A4 at two different measurement positions
P1 and P2 are presented in figure5.1. At very coarse scale approximation of the rough
step (A6), the turbulent boundary layer separated both upstream and downstream of the
step showing separation bubbles in both recirculation regions as illustrated in figure5.1(a)
and (b). The mean flow structures are quantitatively similar to those over the smooth step
since the large scale roughness have very small roughness heights. On the other hand, at
approximation level A4, the roughness profile at position P2 produces a positive slope that
is similar to that in the full roughness. This positive slope may create a favorable pressure
60
gradient that is comparable to the one for the full surface and is strong enough to prevent
the flow separation (figure5.1(d)). Although the negative slope of the full roughness is also
reproduced well by step approximation A4 at position P1, the adverse pressure gradient in-
curred will not prevent the flow being separated by the step as expected from observation
made from figure4.2 (a). The mean flow structures over A4 are therefore observed to be
qualitatively similar to those over the full-roughness step. However, a very coarse approx-
imation such as A6 fails to produce a qualitatively similar mean flow structures as those in
the full roughness step.
The characteristics of the upstream recirculation region such as the separation and
reattachment points as well as the bubble centers are summarized in table5.1. Note that the
separation and reattachment points on the vertical wall of the step are measured only at the
grid point closest to the solid surfaces which is different for different cases and therefore
these values can only be compared loosely and will be smaller than the true values. The
characteristics of the upstream recirculation region are invariant to different scales of the
roughness on the step’s top surface. Within measurement uncertainties, the locations of
separation point, reattachment points and bubble center for the rough steps at scale levels
of A6 and A4 are also about the same as those for the smooth step and the rough step with
full roughness. However, the downstream recirculation regions are found to be sensitive to
roughness scales and specific roughness topographies. For the coarse step approximation
A6, table5.2 shows that the reattachment length,Xr, at position P2 is almost 30% larger
than that at P1 although the closest grid point is even further away from the step’s top
surface at P2. In addition, although the streamwise (x) locations of the downstream bubble
center are about the same within measurement uncertainty, the wall-normal (y) location at
P2 is significantly (∼ 11%) higher than that at P1 as illustrated in table5.2. Even though
step A6 is a little higher at position P2 than P1, the bubble’s center at P2 is still noticeably
further away from the step’s top surface as can be observed in figures5.1 (a) and (b).
Therefore, it is seen that the downstream recirculation region is distorted by the waviness
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Table 5.1: Locations of the separation point, reattachment position on the vertical wall
of the step, and the bubble center in the upstream recirculation region in the turbulent
boundary layers over FFSs at scale resolutions of A6 and A4.
Separation Point Reattachment Position Bubble Center
A6 at P1 x = −0.67± 0.10h y = 0.52± 0.03h (−0.26± 0.02h, 0.21± 0.02h)
A6 at P2 x = −0.77± 0.10h y = 0.55± 0.03h (−0.28± 0.02h, 0.21± 0.02h)
A4 at P1 x = −0.63± 0.10h y = 0.49± 0.03h (−0.24± 0.02h, 0.20± 0.02h)
A4 at P2 x = −0.70± 0.10h y = 0.54± 0.03h (−0.27± 0.02h, 0.20± 0.02h)
Table 5.2:Reattachment length,Xr, and locations of the bubble center in the downstream
recirculation region on top of the forward-facing steps at scale resolutions of A6 and A4.
Reattachment LengthXr Bubble Center
A6 at P1 0.99± 0.03h (0.77± 0.05h, 1.15± 0.02h)
A6 at P2 1.27± 0.03h (0.72± 0.05h, 1.28± 0.02h)
A4 at P1 ——— (0.75± 0.05h, 1.08± 0.02h)
A4 at P2 ——— ———
of the large-scale roughness such that recirculation bubble becomes smaller and closer
to the surface where the step’s height is lower. With the inclusion of finer scales of the
roughness as in step A4, the downstream recirculation can be dramatically changed to
be highly three-dimensional as seen in figure5.1 where the bubble disappears at position
P2. The finest-scale roughness included in the full-surface step appear to only fine-tune the
characteristics of the mean flow structures such as the streamwise location of the separation
bubble at position P1.
5.2 Reynolds stresses
The streamwise Reynolds normal stress,〈u
′2〉
U2∞
, over A6 and A4 at measurement positions P1
and P2 are presented in figure5.2. 〈u
′2〉
U2∞
for the step of full rough surface is also included for
comparison. For step A6 with large-scale roughness, large values of streamwise Reynolds
normal stress comparable to that over the smooth step is generated in the downstream
recirculation region. However, the distribution of〈u′2〉 is not observed to be the same
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between measurement positions of P1 and P2 revealing a three-dimensional feature of the
separated turbulent flow. As finer scale roughness is included in A4,〈u′2〉 is significantly
decreased in the downstream recirculation region, especially at P2 where the bubble is
annihilated by the positive roughness slope. While〈u′2〉 is quite similar between step A4
and full surface step at position P1, it is still quite different between these two steps at
position P2, particularly within 1h downstream of the step. This is probably because the
roughness profile of A4 at P2 is a little different from that of full surface in that A4 starts
as a plateau and gradually produces a positive slope while the full surface starts up with a
strong positive slope at position P2.
Wall-normal Reynolds normal stress,〈v
′2〉
U2∞
, over steps of A6, A4 and full surface at
measurement positions P1 and P2 are presented in figure5.3. For step A6, a large region
of significant〈v′2〉 exists downstream of the step at both P1 and P2, which is similar to that
over the smooth step. However,〈v′2〉 in this region at P1 is weaker than that at position
P2 probably because the large-scale roughness profile at P1 gradually goes up producing a
slightly favorable pressure gradient while the roughness profile at P2 gradually goes down.
When finer roughness scales are included in step A4,〈v′2〉 is dramatically reduced at posi-
tion P2, especially aroundx = 1h compared to step A6. On the other hand, the difference
of 〈v′2〉 between A6 and A4 at position P1 is not as obvious as at P2. A comparison between
steps of A4 and full surface reveals that〈v′2〉 is further decreased significantly around the
local roughness peak atx = 1h at position P2 by the even finer roughness scales included





, over steps of different scale resolutions at measurement
positions P1 and P2 are shown in figure5.4. Similar to the smooth step case, a large region
of strong〈u′v′〉 is produced downstream of the steps at A6. Due to the slightly different
slope of the large-scale roughness profiles between P1 and P2,〈u′v′〉 is a little stronger and
larger in extent at position P2. At position P1, the inclusion of finer scale roughness in
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A4 does not noticeably alter the distribution of〈u′v′〉 compared with that of A6 although
the negative slope of the roughness profile immediately downstream of step A4 is much
stronger than the slope of A6. At position P2, the extent of strong Reynolds shear stress is
reduced by the smaller scale roughness included in A4 even though the peak value of〈u′v′〉
does not appear to be altered appreciably. The inclusion of even finer scale roughness from
A4 to full surface further reduces Reynolds shear stress, but much more significantly at
position P2 than at P1.
5.3 Quadrant analysis
Reynolds shear stress contributions from ejections and sweeps for a threshold ofH = 0
are presented in figures5.5 and5.6, respectively, for steps of A6, A4 and full surface at
both P1 and P2. It is observed that ejections always contribute more to the Reynolds shear
stress than sweeps irrespective of the roughness length scales. Downstream of step A6 with
coarse scale roughness, both ejections and sweeps contribute more at P2 than P1 resulting
a stronger and larger region of total Reynolds shear stress at P2 as seen in figure5.4. At
position P1,〈u′v′〉 contributions from either ejections or sweeps are very similar between
A6 and A4 while these contributions are slightly decreased from A4 to full surface. In
contrast, dramatic changes occur at position P2 in〈u′v′〉 contributions. At P2, the inclusion
of smaller scale roughness from A6 to A4 and to full surface significantly decreases the
contributions to Reynolds shear stress from both ejections and sweeps. It is through the
inhibition of the contribution from ejections and sweeps that the total Reynolds shear stress
is dramatically reduced by the finer scale roughness at P2, especially aroundx = 1h.
The space fractions occupied by ejections and sweeps are shown in figures5.7 and
5.8, respectively, for a threshold ofH = 0. Irrespective of the roughness length scales,
ejections are found to occur more often close to the top surface of the step while, on the
contrary, sweeps occupy more space further away from the step’s top surface. When finer
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scale roughness is added to the surface topography, the number of occurrences of ejections
is reduced at both P1 and P2, most noticeably in the region close to the step’s top surface,
as seen in figure5.7. However, figure5.8 shows that the space fractions of sweeps do not
appear to be very much different for steps with different roughness length scales forH = 0.
Figures5.9 and5.10 present the Reynolds shear stress contributions from ejections
and sweeps, respectively, for a threshold ofH = 4 which means only very strongQ2 and
Q4 events are included. At position P1 (figure5.9 (a), (c) and (e)), the contributions from
strong ejections are quite similar between step A6 and A4 while peak values of ejection
contributions are slightly higher for step A4 than step of full surface. At measurement
position P2 (figure5.9 (b), (d) and (f)),〈u′v′〉 contributions from strong ejections are de-
creased successively by the inclusion of finer roughness scales from step A6 to A4 and
to full surface. Figure5.10shows that the contributions from strong sweeps are less than
those from strong ejections regardless of the roughness length scales.〈u′v′〉 contributions
from strong sweeps are not much different between steps of different roughness length
scales at position P1 (figure5.10(a), (c) and (e)), albeit the peak values at A4 are slightly
higher. At position P2 (figure5.10(b), (d) and (f)), the trend of the Reynolds shear stress
contributions from strong sweeps is the same as contributions from strong ejections, i.e.,
less contributions are resulted from strong ejections when finer scales of roughness are in-
cluded in the surface topography of the step. In fact, the difference in〈u′v′〉 contributions
from over steps of different roughness scale resolutions is caused by the difference in their
number of occurrences as shown in figures5.11and5.12which present the space fractions
occupied by strong ejections and sweeps, respectively.
5.4 Spanwise vorticity
The ensemble averaged spanwise vorticity at both measurement positions P1 and P2 over
steps of A6, A4 and full surface are presented in figure5.13. The three-dimensionality
65
of the recirculation region downstream of the step A6 with large-scale roughness is also
revealed from the slightly different vorticity distribution as shown in figures5.13(a) and
(b). At measurement position P1 (figures5.13 (a), (c) and (e)), the finer length scales
of roughness in A4 do not appear to reduce the peak vorticity downstream of the step
compared to that for step A6. However, the peak vorticity for step of full surface is slightly
weaker than that for step A4 indicating that the small-scale roughness excluded in step A4
slightly damps the strength of the shear layer. At position P2 (figures5.13 (b), (d) and
(f)), the peak vorticity in the downstream recirculation region is successively decreased
by the fine scale roughness. The streamwise spatial extent of the shear layer indicated by
strong vorticty within2h downstream of the step is also observed to be reduced by the
small roughness scales. The generation of a stronger vorticity at step A4 than that at step
of full surface is probably because its roughness profile immediately after the edge of step
A4 possesses a small plateau region.
5.5 Characteristics of spanwise vortices
The number of both prograde and retrograde spanwise vortices per measurement field at
an interval of1h in the streamwise direction at position P1 for steps of A6, A4, and full
surface is presented in figure5.14. It is observed that at both upstream and downstream of
the steps, the maximum difference in the number of both prograde and retrograde spanwise
vortices between steps of different scale resolutions along the streamwise direction is about
20%, illustrating that the vortex numbers are quite invariant to the roughness length scales
at position P1. Figure5.15shows the prograde and retrograde spanwise vortex numbers
both upstream and downstream of the steps of A6, A4 and full surface at measurement
position P2. At this position, the most obvious difference is in the number of prograde
vortices downstream of the steps (figure5.15 (b)). Within 1h downstream of the steps,
approximately 50% more prograde vortices are found over step A6 and about 30% more
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prograde vortices exist over step A4 when compared with the step of full surface. Between
1h and2h downstream of the steps, there are almost twice many prograde vortices over A6
as those over step of full surface while more than 50% prograde vortices are observed over
step A4 than over step of full surface. Further downstream of the steps at P2, the number
of prograde vortices falls within 17% between these steps of different length scales.
The spacial probability distributions of prograde vortices for steps A6, A4 and of
full surface are presented in figure5.16. Compared with the cases of step A4 and full
surface, the prograde vortices downstream of step A6 at both measurement positions are
more concentrated closer to the step’s front. At P1, the spatial distributions of prograde
vortices downstream of step A4 and full surface are quite similar showing very little effect
of the finer roughness scales excluded in A4 at this position where the roughness profile
possesses a leading negative slope. However, the finer roughness scales excluded in A4
at position P2 appear to play a more noticeable impact on the prograde vortices’ spatial
distributions. A more scattered spatial distribution is resulted by including these fine length
scales of the roughness for full surface at P2.
Figure5.17illustrates a comparison of the probability density functions of the sizes of
the prograde vortices downstream of the steps of different roughness length scales. Figure
5.17 (a) and (b) show that the sizes of the prograde vortices have the same distributions
along the streamwise direction at position P1 irrespective of the roughness length scales
of the steps. In contrast, at position P2, significant differences exist in the pdf functions
of the sizes of the prograde vortices within2h downstream of the step as shown in figure
5.17 (c). As finer roughness scales are included in the surface topography, fewer large
prograde vortices are observed within2h downstream of the step. In addition, the difference
in PDF between A6 and A4 is observed to be smaller than the difference between A4
and full surface. As shown in figure5.17 (d), the size distributions become insensitive
to the roughness length scales beyond2h downstream of the step. Nevertheless, the PDF
functions of the prograde vortices at both positions are found to peak at the same size
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irrespective of step’s roughness length scales.
A comparison of probability density functions of the circulation of both prograde and
retrograde spanwise vortices downstream of the steps of A6, A4, and full surface is pre-
sented in figure5.18. It is observed that only the circulation pdf function for the prograde
vortices at position P2 withinx < 2h is affected by the different roughness length scales,
as shown in figure5.18(c). As finer scales of roughness are included in the surface topog-
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Figure 5.1:Ensemble averaged velocity fields over approximations of the rough forward-
facing steps at different measurement positions. (a) A6 at position P1,; (b) A6 at position
P2; (c) A4 at position P1; and (d) A4 at position P2. The flow direction is from left to right.
The velocity vectors are set to be uniform in lengths for clarity.
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Figure 5.2:Contour of the streamwise Reynolds stress,〈u
′2〉
U2∞
, for (a) step A6 at position P1,
(b) step A6 at position P2, (c) step A4 at position P1, (d) step A4 at position P2, (e) step of
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Figure 5.3:Contour of wall-normal Reynolds stress,〈v
′2〉
U2∞
, for (a) step A6 at position P1,
(b) step A6 at position P2, (c) step A4 at position P1, (d) step A4 at position P2, (e) step of
full surface at position P1, and (f) step of full surface at position P2. Line contour ofV = 0
is overlaid in the downstream region of the FFS flow.V < 0 within the region enclosed by
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Figure 5.4:Contour of the Reynolds shear stress,〈u
′v′〉
U2∞
, for (a) step A6 at position P1, (b)
step A6 at position P2, (c) step A4 at position P1, (d) step A4 at position P2, (e) step of full
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Figure 5.5:Reynolds shear stress contributions from ejections (Q2 event) for the threshold
of H = 0 for (a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position
P1, (d) step A4 at position P2, (e) step of full surface at position P1, and (f) step of full
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Figure 5.6:Reynolds shear stress contributions from sweeps (Q4 event) for the threshold
of H = 0 for (a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position
P1, (d) step A4 at position P2, (e) step of full surface at position P1, and (f) step of full
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Figure 5.7:Space fractions, for a threshold ofH = 0, occupied by ejections (Q2 event) for
(a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position P1, (d) step A4
at position P2, (e) step of full surface at position P1, and (f) step of full surface at position
P2.
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Figure 5.8:Space fractions, for a threshold ofH = 0, occupied by sweeps (Q4 event) for
(a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position P1, (d) step A4
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Figure 5.9:Reynolds shear stress contributions from ejections (Q2 event) for the threshold
of H = 4 for (a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position
P1, (d) step A4 at position P2, (e) step of full surface at position P1, and (f) step of full
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Figure 5.10:Reynolds shear stress contributions from sweeps (Q4 event) for the threshold
of H = 4 for (a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position
P1, (d) step A4 at position P2, (e) step of full surface at position P1, and (f) step of full
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Figure 5.11:Space fractions, for a threshold ofH = 4, occupied by ejections (Q2 event)
for (a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position P1, (d)
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Figure 5.12:Space fractions, for a threshold ofH = 4, occupied by sweeps (Q4 event) for
(a) step A6 at position P1, (b) step A6 at position P2, (c) step A4 at position P1, (d) step A4
at position P2, (e) step of full surface at position P1, and (f) step of full surface at position
P2.
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Figure 5.13:Ensemble averaged Spanwise vorticity for (a) step A6 at position P1, (b) step
A6 at position P2, (c) step A4 at position P1, (d) step A4 at position P2, (e) step of full
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Figure 5.14:Number of spanwise vortices per field at measurement position P1. (a) Pro-
grade (Rλω < 0) vortices upstream of the step, (b) prograde vortices downstream of the
step, (c) retrograde (Rλω > 0) vortices upstream of the step, (d) retrograde vortices down-
stream of the step. Blue (left) bar is for step A6, green (middle) bar is for step A4, and
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Figure 5.15:Number of spanwise vortices per field at measurement position P2. (a) Pro-
grade (Rλω < 0) vortices upstream of the step, (b) prograde vortices downstream of the
step, (c) retrograde (Rλω > 0) vortices upstream of the step, (d) retrograde vortices down-
stream of the step. Blue (left) bar is for step A6, green (middle) bar is for step A4, and
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Figure 5.16:Spatial probability distributions of prograde vortices for (a) step A6 at position
P1, (b) step A6 at position P2, (c) step A4 at position P1, (d) step A4 at position P2, (e)
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Figure 5.17:Comparison of probability density functions of the sizes of the prograde vor-
tices downstream of the steps A6, A4 and full surface for (a)0 < x/h < 2 at measurement
position P1, (b)x/h > 2 at position P1, (c)0 < x/h < 2 at position P2, and (d)x/h > 2
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Figure 5.18:Comparison of probability density functions of the circulation of both pro-
grade and retrograde spanwise vortices downstream of the steps A6, A4 and full surface (a)
0 < x/h < 2 at measurement position P1, (b)x/h > 2 at position P1, (c)0 < x/h < 2 at
position P2, and (d)x/h > 2 at position P2. Every other data is shown.
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Summary and Conclusions
This chapter summarizes the results which are found by comparing the turbulent boundary
layers over smooth and rough forward-facing-steps as well as the rough step’s two coarse
scale-resolution approximations at two different spanwise positions. The roughness topog-
raphy on the top surface of the rough step is replicated from a realistic turbine blade and its
coarse scale resolution approximations are obtained from multi-resolutional analysis using
DWT.
6.1 The effects of realistic roughness on the forward-facing
turbulent flow
The results show that the upstream recirculation region is little affected by the surface to-
pography on top of the surface. However, the flow in the downstream recirculation region
on the step’s top surface is strongly dependent on the specific roughness topographies.
These results indicate that there exists insignificant upstream propagation of the distur-
bances of the flow caused by the roughness on the top surface of the forward-facing step.
The effects of the realistic roughness topography on the turbulent flow downstream of the
forward-facing step are summarized below.
For the ensemble average velocity fields, the separation bubble is not observable at
measurement position P2 where the roughness profile illustrates a positive slope which
may generate a local favorable pressure gradient in the flow. In the measurement plane at
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P1 where a negative slope exists in the roughness profile at the leading edge of the FFS,
a similar recirculation bubble to that over the smooth step is still observed but its center
location is slightly shifted downstream. As such, the mean flow structures become to be
highly three dimensional downstream of the rough step’s leading edge due to the three-
dimensional topographical features of the roughness on the top surface.
For the Reyonlds stresses,〈u′2〉, 〈v′2〉 and〈u′v′〉, they are obviously inhibited down-
stream of the steps, especially at measurement position P2 where a positive slope exists
immediately after the step’s sharp edge. Two dimensional quadrant analysis revealed that
the intermittent strong ejections are still the most Reynolds shear stress contributors, which
is similar to the turbulent boundary layer. However, most ejections occur further away from
the step’s top surface while most sweeps occur and contribute to〈u′v′〉 closer to the top wall
of the step. The roughness is observed to reduce the shear stress contributions from both
ejections and sweeps and the positive slope of the roughness profile at P2 is more effective
in this regard.
The ensemble averaged spanwise vorticity fields show that the vorticity in the down-
stream recirculation region after the sharp edge of the step is strongly affected by the surface
conditions. The peak vorticity in the shear layer downstream of the rough step is found to
be decreased compared to the smooth-step case, especially at P2 where the flow separation
is prevented due to the favorable pressure gradient caused by a positive slope of the rough-
ness. In addition, at measurement position P2, elevated vorticity is noticed to be sustained
by the surface roughness much further downstream when compared with the smooth-step
case.
The number of coherent spanwise prograde vortices is significantly reduced within 2h
downstream of the rough step at position P2 compared that that over the smooth FFS. About
40% less prograde vortices are also observed for the rough step at P1 in the region between
1 h and 2h downstream of the step. Though the spatial distributions of the prograde
vortices ahead of the steps are not observed to be different, those downstream of the steps
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are apparently affected by the roughness conditions. The size distributions of the prograde
vortices observed downstream of the steps show that although majority of the them have
the same size, there is much less chances to find large prograde vortices for the rough step
at P2 with a positive roughness slope. However, the size distributions of prograde vortices
over the smooth and rough step at P1 with a negative roughness slope are about the same.
The circulation distributions of the vortices downstream of the steps show that there exists
significantly less possibilities for the vortices at P2 to have large circulation. On the other
hand, the size and circulation distributions of vortices upstream of the step are insensitive
to the surface roughness conditions on the top surface.
The results presented illustrate that the rough surface conditions on the top surface
of the forward-facing step tend to weaken the separated flows from the sharp edge. The
comparison of the results at two different measurement positions indicates that the slope of
the roughness profile immediately after the step’s edge plays an important role in affecting
the flow. This is probably due to the local pressure gradients induced by the roughness
topography. A relatively strong favorable pressure gradient may prevent the generation
of recirculation region downstream of the step. However, the welcoming effects of the
roughness may only be confined within 2∼3 h downstream of the sharp edge of the step.
In a very recent study of aerodynamical performance of a bio-inspired airfoil from the
dragonfly’s wing for Micro Air Vehicle applications,Murphy & Hu (2010) found that a
corrugated airfoil performed best in preventing the large-scale flow separation compared to
a flat plate and a profiled airfoil as shown in figure6.1. The authors argued that the sep-
arated laminar flow from the sharp edge of the corrugated airfoil was transitioned rapidly
into a turbulent flow as it approached to the first protruding corner. With a high-momentum
turbulent flow, large-scale separation was reduced by the corrugated airfoil. The current re-
sults may indicate that the strong positive slope windward of the first protruding corner in
the corrugated airfoil also helps prevent the flow from separating. It may be speculated that
if the turbulent flow generated by the laminar-flow separation by the sharp edge encoun-
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tered a negative slope of a corrugated airfoil, it probably will maintain separated further
downstream. It seems that the natural evolution has made the dragonfly’s corrugated wing
to provide two guards again flow separation. One is to transit laminar flow to turbulent flow
fast to gain higher momentum and the other is to provide a strong local favorable pressure
gradient by a positive slope in the wing’s profile.
The current results also suggest that to avoid the fluctuating loads on the wind turbine
sited on top of coastal cliffs, the preferred siting may be where the cliffs have a slope that
is inclined in the direction of wind.
6.2 The effects of roughness length scales on the forward-
facing turbulent flow
Ensemble averaged velocity fields show that the mean flow structure of the downstream
recirculation region is distorted by the waviness of the large-scale roughness in step A6, a
very coarse scale-resolution approximation of the rough step. The mean flow structure of
step A4 is found to be qualitatively similar to that of full surface step. However, the stream-
wise location of the downstream recirculation bubble appear to be still slightly affected by
the fine-scale roughness excluded from step A4.
Reynolds stresses downstream of the step are shown to be slightly changed by the
specific topographical features of the large-scale roughness in step A6 compared with the
smooth step case. The fine-scale roughness included in step A4 weakens the Reynolds
stresses, especially at position P2 where a positive slope in the roughness profile is pro-
duced immediately after the step’s front. Although the Reynolds stresses over step A4 are
only a bit smaller than those over the full surface step at measurement position P1, a sig-
nificant reduction in Reynolds stresses was found around the local roughness peak (around
x = 1h) by the finest roughness scales excluded from A4 at position P2. Quadrant analysis
also reveals a smaller difference in shear stress contributions and space fractions of ejec-
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Figure 6.1:PIV measurements for a plat plate, profiled airfoil and a corrugated airfoil at
angle of attach of 12◦. Murphy & Hu (2010).
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tions and sweeps at position P1 than at position P2 between steps of different roughness
length scales.
At position P1, the peak value of the ensemble averaged spanwise vorticity down-
stream of the step is observed not to be altered from step A6 to A4 but slightly reduced
from A4 to full surface. At P2, the reduction of vorticity is more dramatic from A4 to full
surface than from A6 to A4. Few changes are found in the spatial characteristics of coher-
ent spanwise vortices at position P1 between steps A6, A4 and full surface. In contrast,
successive inclusion of finer roughness length scales from A6 to full surface significantly
changes the characteristics of prograde spanwise vorticies observed within2h downstream
of the step at position P2.
The observations made in this project show that the step approximation A4 which
contains almost 90% of the rough surface energy cannot reproduce faithfully the charac-
teristics of turbulent boundary layer over the step of full roughness studied herein. Finer
length scale roughness needs to be included in the surface topography in order to improve
the reproduction of the turbulent flow by step approximations. As shown in figure2.2, the
next level of rough-surface approximation, A3, will contain 97.3% of the roughness energy.
As such, A3 will be comparable to 16-mode model (which contains 95% of the roughness
energy) from POD analysis in the study ofMejia-Alvarez & Christensen(2010) in terms of
the details of the roughness features included in the surface topography. Therefore, DWT
does not have any advantage against POD in terms of reducing the complexity of the cur-
rent roughness for the forward-facing step turbulent flows. Nevertheless, as illustrated in
Chapter 2, DWT simplified roughness holds the advantages of being invariant to the surface
sample size and being smoother, which is more lenient in grid generation for CFD efforts.
The results also show that the characteristics of the turbulent flows over step A4 and
full surface at position P1 are quite similar while the flows at position P2 are significantly
distinct between A4 and full surface. Therefore, the impacts of the finer scale roughness
excluded in A4 on the separated turbulent flow downstream of the step’s front appear to
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depend strongly on the specific topographical features of the roughness. The current re-
sults indicate that if the leading roughness profile has a negative slope, the FFS flow is little
affected by the finer roughness length scales while if the leading roughness profile has a
positive slope, the impacts of the finer roughness scales are quite dramatic. It is indicated
that it is more critical to include sufficiently fine scale roughness in the step approximation
to replicate the leadingpositiveslope in the full roughness topography in order to produce
more similar FFS turbulent flows. In addition, since the major differences in flows at posi-
tion P2 between step A4 and full surface lie within2h downstream of the step’s front, finer
roughness scales may need to the included only in this region of the surface approxima-
tion to reduce the difference in the characteristics of the flows. Therefore, in order to find
a step approximation with reduced roughness complexity to reproduce the turbulent flow
over a realistic rough step, multiple scale resolutions may need to be used with finer scale
resolution in the part of surface topography that has a larger impact on the turbulent flow.
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